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Summary 


This grant covers the development of new instrumentation and techniques for solar hard X- 
ray, gamma-ray and neutron observations from spacecraft and/or balloon-borne platforms. The 
principal accomplishments are; (1) the development of a two-segment germanium detector which 
is near-ideal for solar hard X-ray and gamma-ray spectroscopy; (2) the development of long dura- 
tion balloon flight techniques and associated instrumentation; and (3) the development of innova- 
tive new position-sensitive detectors for hard X-ray and gamma-ray. 
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I. Introduction 

This grant covers the development of innovative new instrumentation and techniques for 
hard X-ray, gamma- ray, and neutron observations from spacecraft and/or balloon-borne platforms 
in the next solar maximum. The motivation for this development comes from the numerous new 
and exciting results from high energy observations during the previous solar maximum, including: 

1) The discovery that numerous flares produce gamma- ray line and continuum emission 
characteristic of accelerated nuclei (see Chupp , 1986), suggesting that ion acceleration may 
occur in essentially all solar flares. 

2) The discovery of the near simultaneity of the gamma-ray emission to the impulsive 
10-10 2 keV hard X-ray burst, indicating that the acceleration of ions to ^10~10 2 MeV 
also occurs rapidly (within seconds) in flares. 

3) The first observations of energetic (50—500 MeV) neutrons and >10—100 MeV gamma- 
rays from solar flares ( Chupp et ai, 1982). 

4) The discovery that flares which emit >10 MeV gamma-rays are all located near the solar 
limbs, indicating an apparent strong directivity in the gamma-ray emission. 

5) The discovery of a new component of hard X-ray emission with a very steep, close to 
isothermal spectrum which dominates the energy range below ~30-35 keV (Lin ct ai , 
1981). 

6) The observations of brightening in hard, 20-30 keV X-rays of the footprints of flare 
loops, providing the first direct evidence for non- thermal electron beams ( Hoyng ct a/., 
1981). 

7) In contrast, the VLA radio imaging of flare microwave emission, which is presumably pro- 
duced by ^100 keV electrons, shows brightening at the tops of the flare loops ( Marsh and 
Hurford, 1980). 

8) The first high resolution spectral measurements of “normal” impulsive solar flare hard 
X-ray bursts, which show that the spectral shape is dominated by double power-law spec- 
tra with relatively sharp breaks ( Lin and Schwartz , 1986). These spectra suggest that 
acceleration of the non-relativistic electrons, which may contain a significant fraction of 
the energy released in a flare, may be due to dc electric fields. 

9) The discovery of hard X-ray microflares, bursts with X-ray fluxes 10-10 2 times smaller 
than normal flares which occur about once every five minutes near solar maximum ( Lin ct 
ai, 1984). These microflares indicate that even very small transient releases of energy by 
the Sun may be non-thermal in origin. 
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In the best tradition of good astrophysics, these discoveries have raised a host of new 
scientific questions which can be answered only with new and improved measurements. 

Under this grant we have concentrated our efforts in three areas: (I) the development of a 
near-ideal detector for solar hard X-ray and gamma-ray spectroscopy, (2) the development and 
fabrication of instrumentation for long duration balloon flights, and (3) the development of 
position-sensitive detectors for hard X-ray and gamma-ray imaging and polarization measure- 
ments. 


II. Gamma-ray, Hard X-ray, and Neutron Spectroscopy 

Gamma-ray Line Spectroscopy 

Gamma-ray emission from the Sun results from the interactions of energetic protons, nuclei 
and electrons with the solar atmosphere (see Ramaty et ai , 1975; Ramaty , 1986 for review). These 
interactions produce gamma-ray lines from the captures, annihilations and de- excitations of neu- 
trons, positrons and excited nuclear levels, respectively, and continuum emission from 
bremsstrahlung of relativistic electrons, pi meson decays, and Doppler-broadened nuclear lines. 
The observation of these gamma-rays provides unique information on high energy processes at the 
Sun, including properties of energetic particles such as the timing of their acceleration, the ratio of 
electrons to protons, and the number, energy spectrum, chemical composition and possible beaming 
of the particles. 

Solar gamma-ray spectroscopy also offers the possibility of determining abundances in the 
solar atmosphere. Murphy et ai (1985) have already shown from the SMM gamma-ray spectrome- 
ter (GRS) data that the abundances in the gamma-ray production region differ significantly from 
photospheric abundances. High resolution gamma-ray spectroscopy could determine the relative 
abundances of C, O, Mg, Si, and Fe in the corona, with accuracy that could match or even exceed 
that of atomic spectroscopy. Gamma-ray line observations could also determine the photospheric 
3 He abundance, a quantity which cannot be obtained in any other way. Moreover, the origin of 
^e in 3 He-rich flares is still not well understood, and gamma-ray observations could provide clues 
to the origins of these spectacular isotopic enrichments in energetic solar particles. 

One of the major advances in our knowledge of solar flares has come from the recent 
gamma-ray observations of the Solar Maximum Mission (SMM), and, to a lesser extent, of the 
Japanese satellite, HINOTORI. These show that solar flares often accelerate ions to energies of ^10 
MeV up to GeV, which in turn produce a wide variety of gamma-ray lines through collisions with 
the ambient medium (Chupp } 1983), The timing of the gammarray emission relative to the hard 
X-ray emission indicates that the acceleration of ions often occurs in close coincidence with the 
impulsive acceleration of the electrons. These observations suggest the possibility that the 
acceleration of ions occurs in essentially all flares and that the same process accelerates both 
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electrons and ions in the flare impulsive phase. 

High spectral resolution measurements are required to exploit the information residing in the 
gamma-ray line and continuum spectrum. Figure 1 shows that the resolution of Nal is broader 
than the expected widths for essentially all the lines, while the resolution of liquid nitrogen-cooled 
germanium semiconductor detectors is sufficient to measure accurately all the parameters of the 
gamma-ray lines (with the possible exception of the neutron capture deuterium line at 2.223 MeV, 
whose width is —0.1 keV). In the next solar maximum, it would be desirable to be able to do good 
high resolution spectroscopy not just for the very large flares, but also for smaller flares — i.e., to 
have sufficient counts to define the spectral line shapes (centroids, widths, and more detailed infor- 
mation). Thus large, effective detector areas are required. 

A strawman instrument consisting of an array of nineteen 6.5 cm diax6.5 cm long ger- 
manium coaxial detectors would have an effective area of about twice that of SMM, and a total Ge 
volume of about 4100 cm 3 . If this array is actively shielded and collimated as well as the best 
current cosmic gamma-ray instruments, the background in the 200 keV to 2 MeV range would con- 
tribute — 10-10 2 counts/keV during a solar gamma-ray burst of typical duration of — 10 3 seconds. 
Using the new, innovative Ge detectors and pulse shape analysis techniques developed under the 
present grant, we expect to be able to reduce this background by a factor of at least 10, and to 
improve the 3<x line sensitivity for flares by a factor of —2 to 4, depending on the line width and 
shield leakage background levels. 

A gain in sensitivity is also obtained for narrow lines by the high energy resolution of a Ge 
system. In the case where the number of background counts is »1, i.e., where Gaussian statistics 
apply, and the observation is background-limited, the minimum detectable line flux is given by: 

F l ~(l.30k/eM)[BW/{l/T e + l/T B )A] 1 / 2 ph/cm 2 -sec 

Here k is the statistical criterion (number of standard deviations); e, the detector efficiency for 
total absorption of gammarrays (or 1st or 2nd escape peak, in the case of pair production); M, the 
on-/off-source modulation efficiency; B , the detector background per unit energy and geometric 
area exposed to the source; S', the line width or detector energy resolution (FWHM), whichever is 
greater; A, the geometric detector area; and T s and T b , the times collecting source (plus back- 
ground) and background data. Since the line widths are generally less than the resolution width of 
Nal but greater than that of Ge, there is a significant gain in line sensitivity for Ge. For example, 
for the 2.223 MeV deuterium line with intrinsic width of about 0.1 keV, germanium (2.1 keV reso- 
lution) is more sensitive than Nal (—90 keV resolution) by a factor of (90/2.1) 1//2 -6.5 for the same 
effective area. 

With improved sensitivity and energy resolution quantitative gamma-ray spectroscopy (as 
opposed to just line detection) can be done for the first time in astrophysics. 
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Hard X-ray and Gamma-ray Continuum 

Almost all of the measurements of solar flare hard X-ray and gamma-ray burst continuum 
spectra have been made with scintillation detectors. The poor energy resolution of these detectors 
inherently limits the steepness of the continuum spectra that can be measured. Furthermore, the 
observed spectra must be deconvolved by assuming an a priori spectral shape, convolving it with 
the detector response, and comparing the result with the actual observed count rate spectrum. As 
pointed out by Fenimore et al. (1982), this procedure can lead to artifacts in the spectra. In addi- 
tion, small changes in gain and/or dead layers will strongly affect the results. Finally, nonlineari- 
ties and K-edge effects in the middle of the hard X-ray range further complicate the interpretation 
of the spectra. 

The advantages of high resolution germanium detectors for solar hard X-ray spectroscopy are 
evident from our 27 June 1980 balloon flight, when a medium-size solar hard X-ray burst was 
observed. We discovered immediately that a nearly isothermal component dominated the spec- 
trum below —30 keV ( Lin et a/., 1981). Such a component has a spectral power-law slope as steep 
as — 11, far too steep to be measured by scintillators (see Figure 1). HINOTORI and SMM have 
confirmed the existence of this component through continuum observations at lower energies and 
through Fe'* 00 '' 1 line measurements. This component appears to be a common feature in flares. 

The spectral measurements of the “normal” impulsive phase hard X-ray burst in the same 
flare showed that the dominant spectral shape is a double power-law with a relatively sharp break 
( Lin and Schwartz , 1987). Emission from an isothermal 10 8 -10 9 °K plasma can be specifically 
excluded. The double power-law shape suggests that dc electric field acceleration, with total poten- 
tial drops of — 10 5 volts, may be the source of the energetic electrons which produce the hard X-ray 
emission in flares. The hard X-ray emission could be observed at a very low level for at least 20 
minutes after the impulsive phase, indicating that trapping of the electrons high in the corona 
and/or long-lived continuous acceleration may be occurring. At that point the flux was only a 
fraction of the diffuse sky background in the detector aperture. 

On the same balloon flight —25 hard X-ray bursts with peak fluxes a factor of 10— 10 2 smaller 
than normal flare events were observed in 141 minutes of solar observation (Lin et a/., 1984). 
These hard X-ray microflares last a few seconds to tens of seconds and have power-law energy spec- 
tra. These observations suggest that even very small transient energy releases by the Sun may be 
non-thermal in character. High sensitivity, comparable to cosmic hard X-ray instruments, is 
clearly desirable for solar observations. 
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Germanium Detector Development 

Under this grant we have developed a germanium detector with the following features: 

1) It is capable of measuring the entire energy range from —10 keV to £10 MeV. 

2) It has very high energy resolution (-0.5 keV at 50 keV to —5 keV at 10 MeV). 

3) It can reject with very high efficiency the /3-decay radioactivity in the detector itself, 
which is the dominant source of background in the 200 keV—3 MeV range for well- 
shielded detectors. 

4) Its background at lower energies, 10 keV— 200 keV, is comparable to that of the best 
phoswich scintillation detector system. 

5) It is highly linear and intrinsically stable in gain. 

6) It is highly reliable and relatively insensitive to contaminants and to handling. These 
characteristics make large arrays of detectors feasible. 

The low background is achieved at low energies, —10 to —200 keV, by electrically segmenting 
the detector to provide the germanium equivalent of a phoswich scintillation detector (Figure 2); at 
high energies, £200 keV, it is achieved by reducing the background from detector radioactivity 
which consists mainly of /3-decays. This is done by distinguishing single- from multi-site events 
throughout the detector volume. Radioactive decays of /3-particles are single-site events. At ener- 
gies below —150 keV, where photoelectric absorption is dominant, incident photon absorption is 
also single-site (neglecting the short range of K X-rays). Photons at higher energies, because of 
Compton scattering, and annihilation photon absorption following pair production, typically have 
multiple site energy loss signatures. 

The resulting germanium detector, shown schematically in Figure 2, has a closed-end coaxial 
geometry and is made of n-type material, —6 cm in diameter and —6 cm thick. As larger diameter 
detectors become feasible in the next few years, we will use them. Germanium of n-type is used 
because detectors made with it are essentially immune to radiation damage from fluxes of energetic 
particles in a several-year space mission ( Pehl, 1978). 

The detector has multiple collecting electrodes which divide it into two distinct volumes, or 
segments, according to the electrical field pattern. In the central 1.0 cm diameter hole which 
extends to within —8 mm of the top, two separate contacts are provided by diffusing lithium into 
the germanium, coating the lithium with gold, then lapping away the gold in the boundary 
between the contacts. The detector is then re-etched to provide a clean surface in the boundary; 
the gold is unaffected by the etch {Luke, 1984). The top contact collects charge from the upper 1.5 
cm segment of the detector, and the long lower contact collects charge from the bottom -4.5 cm 
coaxial segment. The outer and top surfaces are implanted with boron to make a very thin win- 
dow for X-rays, and metallized for the high voltage contact. The bottom flat surface of the 
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detector is coated with amorphous germanium to eliminate surface channeling effects. 

During the grant period we have fabricated and tested one 4 cm diax4 dia prototype and six 
5.5 cm dia x 5.5 cm segmented detectors. Our techniques for the fabrication of these detectors are 
now well developed and fairly routine. 

The detector operates in three low background modes, which are summarized in Table I. 
The “Front Segment Mode” is used at low energies (<200 keV) where photoelectric absorption 
dominates. Photons are absorbed in the front —1 cm segment, while background is rejected by 
anticoincidence with the adjacent rear segment of the detector. Therefore, this mode has the excel- 
lent background rejection properties of a phoswich type scintillation counter ( Matteson et a/., 
1977). The pancake geometry of the front detector has a substantially lower capacitance than a 
normal planar detector of the same dimensions, resulting in significantly better energy resolution. 


Table I. 

Mode 

Event Selection Criteria 

Front Segment 

Energy loss only in the front segment. 

Front-Rear 

Coincidence 

Energy loss in both segments. 
(Requires multiple site event.) 

Rear Pulse Shape 
Discrimination (PSD) 

Energy loss only in the rear segment. 
Pulse shape discrimination accepts 
only multiple-site events. 


Multiple-site interactions will be recognized in two ways. First, gamma-rays, which lose part 
of their energy in the front segment and the rest in the rear segment, would be identified by front- 
rear coincidence. Second, in the rear segment, pulse shape discrimination will be used to identify 
multiple-site interactions (for pure rear segment events) located at different radial distances. Pulse 
shape discrimination is possible because energy deposited in the Ge detector at a given site pro- 
duces charge carriers, which travel radially in the electric field of the detector to the central and 
outer contact. Thus the charge collection, and hence the current pulse at the preamplifier input, 
depends on the radial location of the site of energy deposition. Typically, charge collection takes 
up to ~200-350 ns in a 5.5 cm dia detector. When the energy deposition of a multiple-site interac- 
tion is distributed in radius, the pulse shape becomes a superposition of single-site pulses. 

We have computed the detailed shape of the current pulse waveform for single-site energy 
losses typical of single photopeak absorption events and /?-decay radioactivity, and for the distri- 
butions of energy depositions resulting from a Monte Carlo photon propagation program (see Roth 
et a/., 1984). The differences in current pulse waveforms for single site versus multiple-site energy 
losses can be exploited to provide discrimination between £-decay background and true photons in 
the energy range --0.3 to 2 MeV. Below we describe the pulse shape discrimination electronics and 
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detailed laboratory and balloon flight testing of this technique. 

Oe Detector Electronics 

In this grant period we have also developed techniques and electronics for fast digital storage 
and subsequent detailed analysis of the Ge current pulse shape, and methods for producing single- 
site interactions in the detector for testing. The current pulse is sampled every 10 ns by the circui- 
try shown in Figure 3. 

The signal path from each detector segment to its respective Pulse Height Analyzer (PHA) is 
straightforward vnth the following exception: in order to achieve a dynamic range greater than 
that allowed by the 12-bit PHA, the shaping amplifier contains a switchable 5x attenuator con- 
trolled by a discriminator on the preamplifier output line. This extends the range of the PHA on 
each segment up to 12.5 MeV. The status of the gain switch is latched by the PHA, when trig- 
gered, as a 13th data bit. 

Pulse shape information was initially obtained by additional circuitry, connected only to the 
signal path from the coaxial detector segment, consists of a fast differentiator and a LeCroy model 
2261 Image Channel Analyzer utilized here as a Pulse Shape Analyzer (PSA). The fast 
differentiator, with a time constant of 10 ns, extracts the detector current waveform from the 
preamp output waveform and passes it to the PSA. Later it was realized that a separate preamp 
to take the shape signal off the high voltage connection to the detector would avoid image charge 
pulses on the front segment. A separate current preamp has been used for the past two years. 

The PSA module consists of a Charge Coupled Device (CCD), support, and readout logic cir- 
cuitry. The CCD is an analog shift register (sometimes referred to as a charge packet bucket bri- 
gade) with a length of 640 cells and a clock speed of 100 Mhz. An input signal is sampled, con- 
verted into a charge packet, and shifted at the 100 Mhz rate; thus the time length of the device is 
6.4 fis with a resolution of 10 ns. Upon receipt of a Stop signal, the 100 Mhz clock signal is 
replaced with a 100 KHz clock signal, the charge packets are converted to voltage levels as they 
arrive at the back of the CCD, and these voltage signals are passed to a 12-bit Analog-Digital 
Converter (ADC). The 12-bit words are stored in a local memory and become available for 
readout at the completion of the conversion process. This time dilation capability of the CCD 
allows a combination of accuracy and time resolution not otherwise possible at this time. 

To conserve telemetry, only the first 50 samples of shape data are read out. To insure that 
the event of interest occurs within these fifty samples the PSA Stop pulse must be issued approxi- 
mately 6.3 microseconds after the event occurs. This is done in the following manner. The shap- 
ing amplifiers were designed to have a peaking time of 6.0 ^s. The PHA trigger pulse, generated 
at the pulse peak, is also passed to an adjustable delay circuit which then supplies the Stop signal 
to the PSA. 
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A function and address logic block provides a CAMAC environment for the PSA to function 
properly without modifications. This scheme utilizing the LeCroy unit was used in the 1988 bal- 
loon flight. 

For an array of many Ge detectors the high data rate and high power consumption required 
for digitizing anc telemetering the pulse shapes to the ground is impractical, particularly for the 
high count rates expected for solar flare bursts. In a large solar flare the flux of 0.4—2 MeV 
gammarrays would be £10 2 (cm 2 s 1 )"" 1 so the counting rate for a 6.5 cm diax6.5 cm length Ge 
detector would be —400 counts/s. Since each pulse shape takes —500 bits to characterize at 10 ns 
time resolution, about 200 kbps would be generated for each detector, so an array of 10—20 detec- 
tors would generate 2—4 megabits/s. Thus a system to analyze the pulse shape digitally in near- 
real time to obtain the relevant shape parameters is required. A basic change in Figure 3 is the 
replacement of the very power hungry (—25 watts) LeCroy 2261 CCD image analyzer with a flash 
ADC followed by storage into memory. Such a replacement unit has been designed, developed, 
and fabricated fo : a balloon flight in spring 1989 for non-solar observations. 

We have also made detailed studies of background rejection, dynamic range, active shield, 
and analog and digital electronics. These are described in detail in Appendix A. 

The data from each Ge detector for the high count rates of solar flares would be sort by a 
dedicated microprocessor operating in near-real time. This microprocessor could be programmed 
with sophisticated algorithms for ginning the spectroscopy data and analyzing the shape. The 
shape parameters would then be sent to the data stream together with energy information. 

Even so, we estimate £32 bits per detected photon are required for the energy and shape 
information, so the data handling electronics would need to accommodate £12 kilobits/s per detec- 
tor. For a large flare (duration — 10 3 s) observed by an array of 10—20 Ge detectors, the total 
amount of data for the 0.4-2 MeV range alone would be —100 megabits. Together with the hard 
X-ray information from the front segment, we estimate that on the order of £2 x 10 8 bits are gen- 
erated in a largs flare. Thus we have developed a system for handling, storage, and onboard 
compression of data for our long duration balloon payload. That system is configured so that data 
can be DMA-input at a rate of —1 megabyte/s. 

It is capable of operating the payload independently for long periods (20 days or more). Its 
tasks include: 

1) collection and storage of the data from the detectors; 

2) monitoring the data and generating burst triggers; 

3) compression and transmission of the data to geosynchronous spacecraft and to the ground 
station; 
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4) computing the gondola location and controlling the pointing of the detectors. 

The data system consists of an 80C86 microprocessor, 16 Megabits of RAM memory, a 
VCR-based data storage system, sun sensors, transmitters, etc. A more detailed description is con- 
tained in Appendix B ( Lin et al. y 1987). 

Neutron Detection 

During the grant period we have developed Ge preamp electronics which not only provide 
high spectral reso ution in the hard X-ray and gamma-ray line energy range (10 keV to ^10 Mev) 
but extend up to 250 MeV with good linearity. Thus the Ge detectors can be used as a primary 
detector of high energy neutrons and ^10 MeV to 250 MeV gamma-rays. Used in a telescope 
configuration together with rear anti-coincidence shield crystals, the Ge detectors should be able to 
identify and separate high energy neutrons from gamma-rays. 

Laboratory and Flight Testing 

For detector testing, single-site interactions are produced in the detector by forcing a single 
Compton scatter at 90* plus or minus 3* by collimation of both the incoming 1173 keV photons 
and outgoing scattered 356 keV photons (Figure 4). In addition, the energy losses in the ger- 
manium detectors are restricted to those values and coincidence is required. Under those condi- 
tions more than 95% of the 817 keV energy losses are single site. 

Examples of actual germanium detector current pulses are shown in Figure 5 for single 
energy depositions at different radial distances, and in Figure 6 for multiple-site interactions at 
nearly the same energy (836 keV from 54 Mn). For the same time-to-peak the current peak height 
is generally lower for multiples than for singles. The distributions of singles and multiples are 
shown in Figure 7 . The dashed line in each figure is drawn approximately through the centroids of 
the distribution of peak heights at each time-to-peak for the singles. Note that multiples generally 
tend to be below the dashed line. 

These tests confirm the feasibility and usefulness of the pulse shape analysis for background 
rejection. Using just the distribution of peak height versus time-to-peak criteria, it is possible to 
reject —90% of the singles while still collecting —60% of the multiples. Clearly, much more infor- 
mation is present in the pulse shape for discriminating between singles and multiples. But even 
this crude two-parameter analysis gives very significant gains (— a factor of 2) in effective sensi- 
tivity. More detailed discussion of the laboratory measurements is given in Smith et ai (1988). 

A test flight of a single two-segmented Ge detector in a thick Csl shield and Nal Collimator 
was carried out in March 1988 which verified the background rejection capabilities of this system. 
In this test flight, the laboratory (LeCroy) electronics system (Figure 3) was flown and the pulse 
shape telemetered down to the ground. 
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IQ. Position Sensitive Germanium Detectors 

The hard X-ray imaging observations from SMM were of fundamental importance in that 
they provided direct evidence for non-thermal electron beams. Because of the low sensitivity of the 
HX3S instrument, only a very few intense flares were observed which could be imaged in hard X- 
rays. The HX3S energy range extended up to 30 keV, and it is possible that after the initial impul- 
sive spike the ims.ges were dominated by the hot isothermal component ( Lin et at., 1981). This 
may be the reason that the 16—30 keV images later in the flare showed brightening at the top of 
the flare loop. 

The hard X-ray foot point brightenings contrast with the VLA images of microwave bright- 
enings at the tops of flare loops. Microwave emission is believed due to gyro- synchrotron emission 
of ^0.1 MeV electrons. It is of fundamental importance to the physics of flare particle acceleration 
to resolve this X-ray/ microwave difference. Are the high energy electrons somehow accelerated and 
trapped at the tops of the loops, while the low energy electrons are beamed downward? Or are we 
seeing the effects o;‘ microwave emission and absorption processes? Clearly, imaging at 30 to >100 
keV energies is very important. Furthermore, much higher sensitivity is needed, both to observe a 
wide range of flare intensities, and in the hope of determining not just the main electron collisional 
loss site but also tb e electron acceleration site. 

At present, studies are progressing on much larger and quite novel hard X-ray imaging 
instruments, the gamma-ray and hard X-ray imaging (GRID) instrument for the MAX’91 Solar 
Balloon Program, spacecraft, and the Pinhole-Occulter Facility (P/OF), which hopefully will be 
flown on the Space Shuttle, and eventually, on the Advanced Solar Observatory ( Dabbs et a/., 
1982). 

As presently envisioned the P/OF instruments would depend primarily on the Fourier 
transform imaging technique to obtain high angular resolution (see Figure 8). Two widely spaced, 
fine-scale grids create a large-scale modulation pattern of high-energy photons which can be meas- 
ured by a detector with only moderate spatial resolution. This modulation pattern contains the 
phase and amplitude information for a single Fourier component of the source distribution. Each 
pair of grids, therefore, provides information analogous to a single “baseline” in radio inter- 
ferometry. The GRID or P/OF instruments use multiple grid pairs with a variety of slit spacings 
and angular orientations to sample numerous Fourier components. An image is constructed from 
these Fourier components in exact analogy to image formation using multi-baseline radio inter- 
ferometers such as the VLA. 

Nal scintillation detectors used as Anger cameras can provide the required one-dimensional 
position information at energies from ~100 keV to the MeV region, but these detectors have poor 
position resolution at lower energies. Conventional position sensitive xenon proportional counters 
operated at 1 or 2 atmospheres pressure are inherently limited in spatial resolution by the path 
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length of photoelectrons in the gas (—1 cm at 50 keV and 1 atmosphere), and perhaps more impor- 
tant, provide insufficient stopping power to reach energies of 10 2 keV for practical detector 
thicknesses. 

Under this grant, we investigated three very promising approaches for hard X-ray imaging 
detectors which can provide good to excellent stopping power up to >150 keV, and spatial resolu- 
tion of from a few :o a few tenths of mm. In addition these three approaches provide much better 
energy resolution than obtainable with Nal scintillation detectors or xenon proportional counters. 
The three approaches are: 

1) Position-sensitive germanium “drift chamber,” where the germanium charge pulse is 
drifted in a small electric field and its transit time is a function of distance along one 
dimension. A laboratory prototype has been fabricated and 1-D spatial resolution of —0.5 
mm achieved for 60 keV X-rays (see Luke et al . , 1985). 

2) Position-sensitive germanium detectors where the current pulse shape is used to give the 
position in one dimension. This technique is based on work with pulse shape analysis for 
background reduction (see section I, Figure 5) in coaxial detectors. 

3) High pressure (10-40 atmospheres) xenon gas scintillation drift chambers which, in princi- 
ple, could give 3-D location by a combination of drift plus 2-D readout. A small (—10 cm 
dia) laboratory version has been fabricated and tested under a CalSpace grant. This 
technique is adaptable to large area detectors, and may provide response down to low, <5 
keV energies. This last detector is described in section III. 

Germanium Drift Chambers 

A Ge drift ciamber has been fabricated recently by the LBL detector group (see Luke et ai } 
1985, in Appendix C, for details). The detector consists of a planar 3cmx3cmx0.3cm thick piece of 
Ge with p + contacts on both planar sides and an n* contact at the center of one end (Figure 9). 
The impurity concentration has a gradient from the n + contact to the other end. As voltage is 
applied the detector depletes from the two planar sides toward the middle, reaching full depletion 
first at the end opposite the n + contact. When sufficient voltage is applied so the detector depletes 
fully everywhere, a transverse drift field is set up along the central plane of the detector. The elec- 
trons of the electron-hole pairs created by energy depositions in the detector initially drift rapidly 
toward this center plane, while the holes drift to the p* contacts. Current pulses are thus pro- 
duced on the p* contacts. Once the electrons reach the center plane they drift slowly in the 
transverse field toward the n + contact, producing a pulse when they reach the contact. The tim- 
ing between the n* contact pulse and the p* contact pulses gives the spatial location in one 
dimension. Spatial resolution of —0.5 mm has been obtained for 60 keV X-rays. 
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We have evaluated this type of detector. Trapping in the detector gives non-uniform spatial 
and spectral response, so careful mapping is required to maintain good energy resolution over the 
entire detector. Operation at somewhat elevated temperatures can help by reducing trapping. We 
find that the spect ral resolution of the detector taken as a whole is poor (--6 keV FWHM, see Fig- 
ure 10), but that the resolution at a given location is much better, typically 1—3 keV FWHM at 
the 241 Am 60 keV line. Thus by keeping track of the location (which would be done anyway to 
spatially resolve the source), and correcting for gain variations with location (Figure 11), an 
effective spectral resolution of 1-3 keV FWHM can be achieved. Thus spatial resolution of ~1 mm 
and spectral resolution of a few keV can routinely be obtained in a 3 cm x 3 cm detector. 

Thick Planar Ge Detectors with Pulse Shape Analysis 

As we and others ( Strauss and Sherman , 1972) have shown, the shape of the current pulse 
collected from an energy deposition in a coaxial germanium detector depends on the location of the 
deposition (see Figure 5). We believe that a ~5 cm thick planar detector of the geometry shown in 
Figure 12 can be fabricated by using the very high purity material around the transition from n to 
p type impurities in germanium crystals. Such a detector could provide fairly uniform one- 
dimensional spatial resolution of ~1— 2 mm, using refinements of the pulse shape techniques we 
have already developed. This type of detector may also be adapted for position sensing at 
gamma-ray energies, since the detector diameter of —6 cm would provide the stopping power of a 
large coaxial Ge detector. Segmentation of the detector (dotted line in Figure 12) may help to 
separate the initial Compton scatter from subsequent interactions. 

We have fabricated and tested a 3 cm thick planar germanium detector and developed our 
present pulse shape analysis techniques for position sensing in this detector. 

Figure 13 shows a computer simulation of the current pulses from different locations in a 
thick planar detector. Pulse shape measurements on the 3 cm thick planar are in agreement with 
these simulations. Spatial resolution of a few mm appears feasible. 

T V • High Pressure Xenon Gas Scintillation Drift Chambers 

Together with Professor Sadoulet, we have been developing a high pressure xenon gas scintil- 
lation drift chamber, similar to the so-called “time projection chamber” or “imaging” chambers 
used successfully in particle physics, for use in hard X-ray and gamma-ray astronomy. In such a 
system (Figure 14), the gas of the chamber would be the converter, and the extracted electrons 
would be transported by an electric field towards a suitable bi-dimensional sensing plane which 
would give, by combination of the drift time and of the cell number, the original spatial coordi- 
nates. In that way, an image of the full interaction would be obtained with a pixel size on the 
order of a millimeter in the 3 dimensions. The energies involved in each event would also be meas- 
ured by pulse height. 
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The extracted electrons are detected via gas scintillation ( Sims et al., 1984 and references 
therein), with a novel read-out technique on the use of wave-shifter fibers ( Garwtn , 1960; Eckardt 
et al., 1978; Fent et al., 1984). Gas scintillation relies on the emission of UV light when the elec- 
trons extracted by the original interaction drift into a strong electric field. The medium is tran- 
sparent to this light. This light is then wave-shifted, sent along the optical fibers, and sensed by 
phototubes. Since many photons are produced, even a relatively poor collection efficiency leads to 
a few photoelectrcns per initial electron. 

The use of wave shifter fibers provides an elegant way of extracting the light, well adapted to 
the use of high pressure. Two-dimensional read-out can be implemented by allowing half of the 
light to go through the first layer and be collected by another layer at 90 degrees. The time of 
occurrence of the photon interaction can be obtained from the primary scintillation (from the ini- 
tially produced photoelectrons and Compton electrons) of the gas. This will provide a time zero 
for the drift measurement. 

The technolagical problems encountered in this new technique do not appear insurmountable. 
Basically, they ars of three types. 

1) Gas purity. Impurities will quench both the primary scintillation, and the secondary scin- 
tillation in the high field gap. Shortly, testing of the outgassing properties of many 
materials will begin. 

2) Relatively high voltages. The present prototype, for instance, requires 60 kV but very 
small currents. However, proper engineering and production of high voltage directly in 
the chamber allows us to minimize potential problems. 

3) High pressure. The detector is designed to operate at the maximum practical pressure 
with xenon of 40 atmospheres. This is not a great inconvenience if spherical shapes and 
modern composite materials can be used in order to minimize the amount of material. 
For instance, 1 gram/cm 2 of Kevlar-Epoxy is sufficient to hold 40 atmospheres with a 
radius of 50 cm and a safety factor of 10! Moreover, for work at lower energy, smaller 
pressures (10 atmospheres) would allow an even thinner window. 

Such a technique has many potential advantages with respect to currently used techniques. 
In the region between 35 keV and 100 keV, such gas scintillation chambers offer an interesting 
alternative to xenon multiwire chambers. Contrary to the latter, they are easy to operate at large 
pressures, offering the possibility of large stopping power. In contrast to the usual avalanche detec- 
tion method plagued by space charge effects and large fluctuation, gas scintillation energy resolu- 
tion is completely dominated by the fluctuation in the number of extracted electrons, and resolu- 
tion only about 3 times worse than that for germanium has been achieved. Large areas can be 
instrumented at much smaller cost than germanium detectors. There is also the possibility of 


15 


detecting the escape photons (emitted in 85% of the photoelectric effects) in xenon (Suns et ai t 
1983), which will provide a powerful method of background rejection against neutron scattering, 
/9-decays and Compton scattering of gamma-rays leaking through the shield ( Gehrels , 1985). 

A small prototype of a gas scintillation drift chamber has been built in Berkeley with funds 
provided by CalSp*ace, NASA Innovative Research, and the Lawrence Berkeley Laboratory. Figure 
15 shows the chamber in its first configuration, where the light is observed through a quartz win- 
dow by a set of 17 phototubes in an Anger camera geometry. Table II gives some of the chamber 
characteristics. Figure 16 shows some of the components of this detector. 

Table IL Chamber Chara cteristics 

I. Anger camera configuration 

Chamber diameter 
Drift length 
Scintillation gap 
Maximum working pressure 

Typical voltage settings (40 Atmospheres) 

Drift voltage 
Scintillation gap voltage 

Expected performance (pure xenon, 40 Atm) 

Number of UV photons/initial electron 
Drift velocity (35 V/cm/atm) 

Total drift time 

IL Read-out by wave shifter fibers 

Diameter of fibers 

Theoretical maximum collection efficiency 
i number photo- electrons/ number of UV photons) 0.25% 


6 cm 
7.1 cm 
0.5 cm 

40 Atmospheres 

10 kV 
50 kV 

2200 
10 5 cm/s 
70 fis 

0.1 cm 


We have been operating this prototype for a year and a half. We have solved the problem of 
oxygen contamination we had at the beginning. We have connected the 16 phototubes reading out 
the chamber to a computer, providing approximately 50000 digitizings per event. This allowed us 
to demonstrate the imaging capability of our device. For instance, the time profile of X-ray pulses 
readily displays the presence of 2 pulses in case of emission of a K shell escape photon. The double 
pulse K shell signature is also observed in the wave shifter fiber read-out. This showed also that 
the individual X-ray pulses are simple enough to allow an on-board algorithm to summarize the 
information. 

Most importantly, we have demonstrated for the first time the operation of the wave-shifter 
read out . Figure 17 shows our first uncorrected 241 Am spectrum obtained with fibers. The light 
collection efficiency of the fibers in a real chamber environment is observed with X-ray pulses to be 
(2 ± 0.5) x 10" 3 photoelectrons/initial UV photon light when the theoretical maximum is 3.2 x 10“ 3 . 
This is much higher than our conservative design estimate of 0.6 x 10“ 3 . The relatively large spa- 
tial spread of the light pulses that we observed is now understood and can be corrected. 
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The pattern of the pulses observed on the fibers which are grouped in strips of 8 mm clearly 
demonstrates the possibility of measurement of the xy position. 

There is some degradation of the gas with fibers and without recirculation leading to a 
decrease of the pulse height of 20% per day. However, we have shown that passing the gas 
through a molecular sieve improves the light yield and our chamber has been able to work for 50 
days with the same gas and with recirculation we could restore the initial pulse level. Therefore 
with a proper recirculation system this contamination should not be a problem. 

Recently, we encountered a major difficulty when we discovered that the fibers were absorb- 
ing the gas and lengthening by about 3%. The fibers then bend and the spatial accuracy is 
compromised. This can be corrected by isolating the fibers from the gas, using thin quartz tubes. 

We have begun the design of a large prototype gas scintillation chamber for solar hard X-ray 
imaging in the £5 keV to ^150 keV range. For applications to solar imaging instruments such as 
P/OF where Fourier transform grids would be used, only one-dimensional spatial resolution of 
^0.5 cm is required. Also 1 g/cm 2 column depth of xenon would provide 86% absorption at 80 
keV photons and 50% at 150 keV. Such requirements are well within the capabilities of these 
detectors. Figure 18 shows a conceptual design for a solar hard X-ray Fourier transform imaging 
detector. This detector is operated at 10 atmospheres pressure and 18 cm depth for a total column 
depth of —1.06 g/cm 2 . The detector is large enough to provide room for at least 6—7 Fourier grid 
subcollimators. Two sets of orthogonal wavelength shifters will be used to provide the required 
spatial resolution for any orientation of the Fourier subcollimators. Fiberglass shells of the 
required size and shape have been fabricated and tested to 20 atmospheres. 

V. Long; Duration Balloon Flights for Solar High Energy Observations 

The ideal platform for high energy solar measurements would permit continuous coverage of 
the Sun over the *:5-year duration of the solar maximum. Such a platform could be provided by a 
spacecraft in heliocentric orbit, located at the Lagrange point L x between the Sun and the Earth. 
It is important to note, however, that high energy, ^15 keV measurements, can be obtained from 
high altitude balloons, and that it is now possible to obtain long duration, ^1-month, balloon 
flights by circumnavigating the globe. In 1982 a 15 million cu ft balloon with an —1200 lb pay- 
load made a circumnavigation of the globe in the southern hemisphere. The balloon was a stan- 
dard zero pressure balloon operated in the RAdiation Controlled balloON mode (RACOON). The 
main characteristic of RACOON long duration flight are: 

1) The balloon is at high altitude during sunlit hours but drops during nighttime, making 
RACOON particularly suitable for solar observations. 
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2) Thus, essentially —12 hours of continuous high altitude observations are obtained each 
day. This contrasts with typical low altitude spacecraft (such as SMM), which have an 
—2-hour orbit with —40 minutes Earth shadow each orbit. Very often the start or decay 
phase of a large flare would be missed. Coverage through an entire flare including at 
least -1C 3 s after the impulsive phase is important to obtain the delayed emissions from 
positron annihilation, neutrons, etc. Furthermore, it may be possible to obtain —24-hour 
coverage at high energies with flights over Antarctica during its summer. 

3) The energetic particle radiation environment is much less severe at balloon altitudes than 
on low orbiting spacecraft. This is important to minimize both radiation damage to the 
detectors and electronics, and activation of the detector in the South Atlantic anomaly. 

4) It is much easier and cheaper to provide cryogenic cooling on balloons than on spacecraft. 
Normal liquid nitrogen dewars are used in balloons, but extremely expensive and complex 
solid cryogen or mechanical coolers are required for spacecraft, because of the weightless 
environment in orbit. 

5) Because of the much more benign launch environment and the capability for repairs after 
each flight, balloon experiments need not be designed to space-qualified specifications. 
These are usually major cost drivers for (space) experiments. 

6) The currently available resources on a RACOON long duration balloon flight 50 watts 

from so ar cells, and —60 bits per s data rate over —2/3 of the globe through GOES, 
METEOSAT, and TRANSIT — are already sufficient for simple spectroscopic studies of 
solar flares and other transients. 

7) At present, around-the-world flights are possible only in the southern hemisphere, for pol- 
itical reasons. Since the winds are favorable only in the local summer, a season of —3 
months (Dec .-Feb.) is available. However, long duration flights from the U.S. to Japan 
and China should also be investigated. These should provide —5-7 day long flights. 

The reliability of LDBF needs to be established, and the resources available (weight, power, 
telemetry rate) should be expanded in the next few years. It appears to us that LDBF can provide 
a platform for high energy solar physics which may be highly advantageous, especially in terms of 
cost. 

We have developed, fabricated, tested, and flown an LDBF payload carrying an array of 
planar germanium detectors (50 cm 2 area) and an array of large area (700 cm 2 total) phoswich 
Nal/Csl scintillation detectors for high sensitivity observations of solar hard X-ray microflares (see 
Figure 1 of Appendix B). The launch of this payload, originally planned for Jan. -Feb. 1985 was 
postponed to Jan.— Feb. 1986 due to diplomatic problems with obtaining an official U.S.-Australian 
agreement on such flights. It was postponed from 1986 to 1987 because of the moratorium on all 
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balloon flights which was imposed after the disastrous rash of balloon failures in the fall 1985 
domestic campaign. This payload was launched on February 9, 1987, from Alice Springs, Aus- 
tralia, and successfully flew for 12 days before being cut down in Brazil on February 21. Appendix 
B provides a detailed description of the payload and of the flight performance. 

A second long duration balloon flight was carried out in March 1988 with a single segmented 
coaxial germanium detector with pulse shape discrimination. Due to a failure in the power system 
only one day of data was obtained. These data, however, proved the feasibility of the pulse shape 
discrimination technique and provided the first measurement of /?-decay background from cosmic 
ray activation of the detector. A description of the 1988 LDBF is given in Appendix C. 

We have also made a preliminary study of the possibilities for Antarctic long duration bal- 
loon flights for solar observations. The results are summarized in Appendix D. 
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Figure 1. The FWHM energy resolution of the hard X-ray and gamma-ray 
detectors on SMM plotted as a function of the photon energy 
for comparison with the resolution of cooled, high-purity, 
germanium detectors. Also shown are the predicted widths of 
the gamma-ray lines expected in solar flares and the resolu- 
tion required to resolve the extremely steep spectrum of the 
superhot plasma. 
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Figure 2. Concept of a segmented HPGe detector. 
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Figure 3. SEGMENTED DETECTOR FLIGHT ELECTRONICS 
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Figure 5. Current pulse shapes obtained for 817 keV single site 

interactions, ranging from interactions near the central 
electrode (top) to the outer edge (bottom) of the de- 
tector. 
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Figure 6. Current pulse shapes obtained for 835 keV multiple 
site interactions ( 54 Mn source) for comparison at 
about the same time to peak. Note the peak height 
is generally lower. 
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Figure 7. Distribution in peak height versus time to peak 
(a) singles. (b) multiples. 
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Figure 8. A Schematic illustration of the Fourier-Transf orm imaging 
technique, (see Hurford and Hudson, 1979, for details) 
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e and approximate dimensions of the 
Lm drift chamber. 
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Figure 10. Spectrum of 241 Am taken over the whole detector 

(thick line) and at a single location (thin line). 
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Figure 11. 


The FWHM spectral resolution (crosses) and the center 
energy of the 21tl Am 60 keV peak (dots) are plotted 
here as a function of distance along the detector. 
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Figure 12. Schematic of a thick planar detector. 
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figure 13. Computer simulation of the current pulse waveform 
in a 3 cm thick planar detector for energy deposi- 
tions at locations 0.5 cm apart. 
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Figure 15. Engineering drawing of prototype being built (Auger 
camera configuration) . 
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Figure 16. (a) Outer housing with field shaping electrodes and ceramic 

insulator. (b) Field shaping electrodes and ceramic insu- 
lator. 
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Figure 17. 241 Am uncorrected spectrum observed in our gas scintilla- 

tion drift chamber with wave shifter read-out. 
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Figure 18. Schematic of high pressure (10 atmosphere) xenon gas 
scintillation drift chamber for solar hard X-ray 
imaging. 




Appendix A 

HIREGS Instrumental Details 


Background Rejection by Pulse Waveform Analysis 

In modern germanium gamma-ray detector systems the background consists of: a) diffuse sky 
cosmic (and atmospheric) hard X-ray and gamma-ray fluxes in the open aperture of the detector 
system; b) leakage of ambient 7-rays through the shield, and c) internal background in the detec- 
tor, now known to be almost entirely due to radioactivity induced by cosmic rays and trapped pro- 
tons and their secondary neutrons. Gtkrtls (1985) has analyzed the internal radioactivity back- 
ground in germanium detectors and found that the part not anticoincidenced by the active shield 
consists primarily of ^"-decays. 

The energy deposition range of a £~-particle is small, e.g., 0.08 cm at 1 MeV, and it can be 
said to deposit its energy at a single site. On the other hand, at energies above -200 keV, because 
of Compton scattering (and pair production at >2 MeV), photons typically have multiple site 
energy loss signatures. Thus, by distinguishing between single and multiple site interactions in the 
detector volume, it is possible to reject most of the induced radioactivity background at energies 
from a few hundred keV to several MeV. 

Techniques have been developed at UCB to efficiently separate single-site from multiple-site 
interactions. Gamma-rays which lose part of their energy in the front segment and the rest in the 
rear segment would be identified by front-rear coincidence. For purely rear segment events, pulse 
shape analysis is used in HIREGS to identify multiple-site interactions located at different radial 
distances. 

The energy deposited in the Ge detector at a given site produces charge carriers, electrons 
and holes, which travel radially in the electric field of the detector to the central and outer con- 
tacts. The motion of the charge carriers induces a current at the electrodes; the integral of the 
current signal is proportional to the total charge. The current pulse waveform at the preamplifier 
input depends on the radial location of the site of energy deposition. When the energy deposition 
of a multiple-site interaction is distributed in radius, the pulse waveform becomes a superposition 
of single-site pulses. 

Figure Bl shows examples of single-site and multiple-site current pulses observed from a seg- 
mented coaxial Ge detector flown in February 1988. At UCB we have calculated the detailed 
shape of the current pulse waveform for single-site energy losses typical of single photopeak 
absorption events and /?~-decay radioactivity, and for normal photons, using the distributions of 
energy depositions resulting from the Monte Carlo photon propagation program (Roth, Primbsch 
and Lin , 1984, attached to this Appendix). Our calculations indicate that for a uniform Ge detec- 
tor with near ideal noise characteristics it may be theoretically possible to reject ;^95% of the 
single-site events while retaining ^80% of the multiple-site events at -800 keV energy. With 
current available balloon flight pulse waveform analysis electronics we have achieved -90% singles 
rejection with -70% retention of multiple events at -800 keV in the laboratory ( Smith tt al . , 1988, 
attached to this Appendix). Figure 12 (main proposal) shows that the HIREGS background in the 
0.4-2 MeV gamma-ray l ine region w ould be reduced by a factor of -2-4. Since the sensitivity is 
proportional to signal/ Vbackground, this would give a gain of a factor up to 1.4 in sensitivity. 
To place this in perspective, up to twice as many Ge detectors would be required to achieve the 
same sensitivity w; thout segmentation and pulse shaping techniques. 

A single dua segment Ge detector with this pulse waveform analysis electronics was flown by 
our group in February 1988 on a long duration balloon flight. The detector was enclosed in a Csl 
annulus and bottom shield and had a Nal front collimator which defined a 15* FWHM field of 
view. The pulse waveform analysis data from that flight provided the first measurements of the 
/?”- decay background at balloon float altitudes. The /?““-decay background for HIREGS plotted in 
Figure 12 (main proposal) is based on these measurements. A Monte Carlo program was used to 
model the shield and Ge detector for the instrument flown in February 1988. The actual observed 
flight shield leakage background spectrum was used to normalize the Monte Carlo, and the same 
normalization factor applied to a Monte Carlo simulation of the HIREGS shield to provide the 
shield leakage background plotted in Figure 12 (main proposal). 
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Figure Bl. Current pulse waveforms observed on the February 1988 balloon flight from the rear 
segment of a two segment Ge detector similar to those proposed for HIREGS. The upper panel 
shows single-site energy depositions, presumably ^"-decays while the bottom panel shows 
multiple-site interactions. 







For HIREGS, as in our February 1988 flight instrument, the pulse waveform data will be 
brought to the ground for the type of analysis described in Smith ti ai (1988). We are presently 
developing algorithms for on-board pulse waveform analysis. 

Dynamic Range 

The division of the Ge detector into two electrically independent segments is crucial for high 
spectral resolution measurements of solar flare gamma-ray lines in the presence of intense hard X- 
ray fluxes. Long shaping times, pulse pile-up rejection, and baseline restoration are required to 
obtain high spectral resolution. These requirements imply that for a pulse to be accurately 
analyzed no new pulses can occur within a fixed interval (typically tens of /is) of the original pulse. 
Using Poisson statistics for an interval distribution, we have computed the rate of analyzed events 
to incoming photons (Figure B2). For the very largest gamma-ray line flares the incoming photon 
rate in <p.2 MeV range for a unsegmented Ge detector can be ^10 6 c/sec. At that rate only -4% 
(4xl0 3 events/sec) of the incoming photons would be analyzed for a 32 //s dead interval typical of 
normal high resolution Ge electronics. For the exceptionally fast system proposed here, with 4 /ts 
shaping and -13 dead interval, -27% (-2.7 x 10 4 counts/sec) of the incoming photons would be 
analyzed. This is not a serious problem for the low energy <^10 2 keV hard X-rays which dominate 
the rate (the true rates are provided by the fast amp with 400 ns shaping time), but is a disastrous 
drop in efficiency fcr gamma-ray line observations in the same detector. 

In a HIREGS Ge detector the front and rear segment have completely separate electronics. 
The rear segment event rate (for any interaction) is less than -4xl0 3 c/s for the largest reported 
flare of the last solar cycle. At that rate —95% of the rear segment events are cleanly analyzed 
with high spectral resolution, thus maintaining the large effective area even in large flares. We 
have conducted laboratory tests with input rates of up to 2xl0 6 c/s in the front segment simul- 
taneous with gamma-ray line rates of up to SxlO 3 c/s in the rear segment and verified that there 
is no significant dead time, nor any measurable degradation in resolution, for the rear segment. 

Note that in the Ge detectors presently being developed with the outer contact divided into 
multiple segments [Vamell and Pchl , 1988), the signal from the inner contact is used for all the 
high resolution energy measurements while the outside segment signals are only used for identify- 
ing the segment. Since the inner contact collects pulses from the entire detector, this type of 
multiple-segment detector will have the same throughput rate as an unsegmented detector; that is, 
in a large flare only a small fraction of the events will be analyzed. 

Bismuth German ate Shield 

The anticoincidence shield plays a particularly important role in a sensitive spectrometer 
such as the one proposed here. It must not only reduce the continuum background, which is of 
atmospheric and cosmic origin, but also, it must be extremely efficient in rejecting the 511 keV line 
produced in the atmosphere. Calculations demonstrate that if the shield is not 99% efficient at 
511 keV, the line background at this energy will seriously compromise the performance of the spec- 
trometer. Thus we have taken 1% transmission at 511 keV as a shield performance specification. 
A comparison of commonly used scintillators (Csl, Nal, and BGO) clearly demonstrates that BGO 
is not only the most cost-effective anticoincidence material (i.e., it minimizes the number of dollars 
per 511 photon absorbed), but also the most mass- and volume-effective (i.e., it minimizes the 
number of grams and cc’s per photon absorbed). For this reason, and also because the laboratories 
involved in this collaboration have built a BGO shield for a similar spectrometer for cosmic sources 
(the UCSD/UCB/CESR/Saclay balloon gamma-ray spectrometer), we have chosen a BGO shield 
for the proposed instrument. The geometry is a 5 cm thick well surrounding the cryostat, with a 5 
cm thick blocking plate below it (Figure 2, main proposal). Since BGO is not yet readily available 
in diameters much larger than three inches, the shield will be built up out of 48 BGO section in 9 
housings. This architecture was also used for the cosmic balloon spectrometer, and poses no par- 
ticular problems. The nominal design calls for one photomultiplier to be associated with each 
BGO piece (48 PMT’s in all). The PMT currently being used is the Hamamatsu 1847, and the 
electronic design used places a high voltage power supply and preamplifier at the base of the tube. 
A lower energy threshold of -50 keV is achieved with this configuration. In the interest of reduced 
mass, volume, and complexity, we are studying an alternate possibility, namely attaching one or 
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more photodiodes to each BGO bar. Large area photodiodes (1x2 cm) are now available (e.g., the 
Hamamatsu 2744) with sensitivity curves optimized for BGO. In addition to the mass reduction 
associated with replacing PMTs by photodiodes, there would be a substantial volume reduction, 
and low voltage (25 volt) supplies would replace the high voltage needed for PMTs. Tests are 
presently underway at UCB to determine whether this is a viable alternative. 

We currently envisage the shield construction as a task which will be shared between the 
CESR and UCB. OESR would use its current electronic design for the PMT preamps and high 
voltage supplies, and its current mechanical design for the BGO and PMT housings. In addition, 
the CESR would supply the BGO annulus, and UCB would purchase the BGO rear shield. The 
shield GSE would be built at CESR. Assembly and pre-deliver checkout (a labor-intensive task) 
would take place in France. 

Hard X-ray Measurements 

Almost all of the measurements of solar flare hard X-ray and gamma-ray burst continuum 
spectra have been made with scintillation detectors. The poor energy resolution of these detectors 
inherently limits the steepness of the continuum spectra that can be measured. Furthermore, the 
observed spectra must be deconvolved by assuming an a priori spectral shape, convolving it with 
the detector response, and comparing the result with the actual observed count rate spectrum. As 
pointed out by Ftnimorc tt al. (1982), this procedure can lead to artifacts in the spectra. In addi- 
tion, small changes in gain and/or dead layers will strongly affect the results. Finally, nonlineari- 
ties and K-edge effects in the middle of the hard X-ray range further complicate the interpretation 
of the spectra. 

The very high resolution of germanium detectors eliminates the need for any a priori assump- 
tions of a spectral shape and allows a simple direct deconvolution of the count rate spectrum to 
obtain the incident photon spectrum (see Lin and Schwartz , 1987, in Appendix A). Germanium 
detectors are inhere atly linear and the germanium K-edge is well below the 20 keV threshold. The 
gain stability of our previous 4 detector germanium system was such that the data from all four 
detectors could be summed over the duration of the entire 1980 flight with less than 1 ch (-43.14 
keV) line broadening. The reverse bias germanium detectors used in H1REGS have an extremely 
thin ion-implanted outer surface, essentially transparent to >20 keV hard X-rays and gamma-rays. 

Analog Electronics 

Each Ge detector has independent signal paths for the front and rear segments as indicated 
in Figure B3. The analog electronics is essentially the same as used in the UCB/UCSD/CESR 
cosmic gamma-ray balloon system. For each signal path (Landis ct a/., 1970), this includes a 
cooled FET, wide bandwidth charge sensitive preamplifier, followed by dual shaping amplifiers. A 
slow shaper-amplifier (—4 /is time constant) is used for pulse height analysis, and a fast shaper- 
amplifier-discriminator (--400 ns) supplies fast pulses for coincidence, pileup rejection, timing, and 
rate accumulations (The two amps are not shown separately in Figure B3.) The pile-up rejection 
system, together with a gated baseline restorer, allows operation at incoming photon rates up to 
^3 xlO 5 s _1 per detector without resolution degradation. 

The shaped pulses go to a Pulse Height Analyzer (PHA). For energies below 2.5 MeV, the 
12-bit PHA analyses events directly with -0.6 keV per channel resolution. For energies in the 
range of 2.5 to 16.3 MeV, a gain change discriminator causes the shaper-amplifier gain to be 
reduced by a factor of 6.5 before passing the event to the 12-bit PHA, resulting in -4 keV per 
channel resolution. The gain status is latched in the PHA as a 13th bit. Three additional coin- 
cidence status bits (front-rear coinc, det-det coinc, and det-shield coinc) are provided to each PHA 
to be latched at the time of the event trigger. 

For energies above 16.3 MeV, an Upper Level (UL) discriminator inhibits the 12-bit PHA and 
triggers a separate 6-bit flash PHA. This PHA covers the energy range of 16.3 MeV to approxi- 
mately 250 MeV. The Csl collimator and BGO rear shield also have 6-bit flash PHAs to cover the 
^0.3 MeV to ^250 MeV energy range. 
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Figure B3. SEGMENTED DETECTOR FLIGHT ELECTRONICS 
















Current Pulse Waveform Electronics 

A third signal path from each detector consists of a high-speed current preamp, a fast 
amplifier, a flash converter, a fast memory, and the necessary support logic (Figure B3). The 
current preamplifier is connected to the outer surface of the detector through the high voltage filter 
network. Its output signal is the current waveform that results from the charge collection process 
in the detector, which typically takes —200—300 ns. A fast amplifier provides gain and buffering of 
the signal to drive the input of a 9-bit flash converter operating at 100 Msamples/sec thus provid- 
ing 10 ns samples of the waveform. The digitized samples are stored in a high speed memory 
operating as a circular buffer. This process operates continuously until an event trigger to the rear 
segment PHA stops the storage process. Since the event trigger occurs 4 /is after the event (due to 
the shaper- amplifier peaking time of 4 /is) the circular buffer must be sized to approximately 4.1 /is 
in length (i.e., 410 samples) to provide some pre-event background. At the arrival of the stop 
pulse, the memory address logic then points to the locations in memory where an event of 4.1 /is 
earlier is stored. Consequently, the 64 ten-nanosecond waveform samples can be read out of the 
memory merely by incrementing the address with each data request. A final reset pulse to the 
PHAs and the waveform logic restarts the 100 Mhz digitization and storage into the circular buffer. 
The current pulse waveform data for 0.4—2 MeV events are stored by the data system and 
analyzed on the ground. 

Data System 

Because the experiment is designed to see bursts of information arriving at potentially very 
high rates, each channel uses a dedicated microprocessor to guarantee no loss of data. As shown in 
Figure B4, the pulse heights for each segment and the rear segment waveform shape data would be 
analyzed by its owr microprocessor which would add timing to -1 ms, detector identification and 
coincidence information for a photon event total of 4 bytes (32 bits) and a waveform event total of 
76 bytes. There is a separate interface to count the events detected by the collimator and shield, 
as well as to provide master clock timing information to each of these processors. 

In the 0.4—2 MeV energy range, for rates up to several times quiet background, waveform 
events from the rear segment are sent to the main processor which stores them on VCR tape. 
From background up to flares with total rates of -5xl0 4 analyzed events/sec, every photon event 
is stored. For larger flares (which occur on average only about once every ten days) all analyzed 
photon events with energy above 0.4 MeV (i.e., in the gamma-ray line region) are stored. All low 
energy (<0.4 MeV) photon events are accumulated into 256 ch pulse height spectra which are then 
stored; the time resolution for these spectra increases with event rates. In addition, a fraction of 
the low energy photon events are stored, up to a maximum VCR storage input rate of 256 
kbytes/s. The true counting rates for all Ge detectors obtained from the fast amplifiers (0.4 /isec 
shaping time), as well as shield count rates and dead times, are stored as well. 

The main processor collects the data from each of the channel processors and is responsible 
for storage to the VCR tape system as well as for telemetry to the ground when desirable. This 
computer, with its large buffer memory to provide temporary data storage, is very similar to what 
has already been flown. As in our previous long duration balloon flights (LDBF), two telemetry 
modes are planned: (l) directly to ground station via line-of-sight telemetry, and (2) via the 
INMARSAT geosynchronous satellites when outside of line-of-sight to ground station. Our group 
has already developed a balloon-borne two-way link using a pointed I meter dish capable of -1200 
baud transmission through INMARSAT. The main microprocessor would select, format, and store 
the data for INMARSAT transmission. 

The VCR tape storage units are also similar to what has been used in previous flights, but 
here two units are needed to provide redundancy and the necessary storage capacity for up to 30- 
day flights. 

The other functions the main processor performs such as command, navigation, pointing and * 
housekeeping are also similar to those of our recent LDBF flights and those developments could be 
directly applied to this experiment. 




BLOCK DIAGRAM OF DIGITAL ELECTRONICS 

Figure B4. Block diagram of the II1REGS data system. 
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Figure 5. Trajectory of balloon flight from ARGOS tracking data (courtesy NSBF). 
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Appendix C 

Previous LDBF Flight Systems 

Here, we describe two flight systems already developed and flown by our investigator team 
which form a strong technical basis for the support systems needed to attain our Max ’91 objec- 
tives. 

The LDBF ’87 Gondola 

This payload, described in detail by Lin et ai t “A long duration balloon payload for hard 
X-ray and gamma-ray observations of the Sun” (appended), was developed explicitly for the study 
of transient solar phenomena. The successful flight of this system demonstrated the feasibility of 
the technical approaches used in its design and indicated the promise for long duration balloon 
flights as a solar observation technique. 

The LDBF ’88 Gondola 

The occurrence of supernova 1987a in February 1987 (SN 1987a) presented a unique oppor- 
tunity to study explosive nucleosynthesis as well as the dynamics of the supernova process. How- 
ever, the transient nature of the event demanded that observations be conducted as soon as possi- 
ble with special emphasis on observing the evolution of the qr-ray flux during the first one to two 
years. On this basis it was decided to assemble a long duration payload which would provide 
observations using existing instruments. The system would include the phoswich scintillator array 
from the previous LDBF payload and a shielded germanium detector system currently under 
preparation for a test balloon flight. These instruments would be interfaced to the existing LDBF 
system. New mechanical subsystems would be developed to support the existing detector and the 
existing LDBF computer and software would be adapted to control the new gondola. As originally 
conceived very little new development would be necessary. This was fortuitous, since the entire 
payload would have to be fabricated, tested and shipped to Australia within 7 months if the 
February 1988 launch window were to be met. 

Gondola Description 

The LDBF88 gondola was designed to meet the unique requirements imposed by the SN 
1987a opportunity, the detector systems to be used in the observations, and the long duration bal- 
loon flight operation. 

Detector platform. The fundamental mechanical requirement of the LDBF88 gondola was to 
provide co-aligned pointing for the tandem detector components while supporting an unusually 
large ballast load, as well as solar panels and an independently orientable communications dish. 
This was accomplished by mounting the two detector systems on a detector platform which was 
movable in azimuth around a central load-bearing column. The detector platform also provided 
an elevation gimbal to give the needed 2-axis orientation freedom. The detector platform also car- 
ried a reserve LN 2 cewar for replenishment of the small germanium detector coolant supply. All 
electronics systems were carried on an electronics platform, fixed to the central column below the 
detector platform. This layout is shown schematically in Figure FI and illustrated in a model of 
the internal gondola assembly shown in Figure F2. 

Thermal control. For thermal control, the entire internal assembly was contained within an 
insulating chamber fabricated in the approximate shape of a cube, — 2 m on a side. This primary 
thermal control system is designed to use the ambient electronics dissipation to maintain an 
environment between 0 and 30*0 through balloon night and day operation. Additional “secon- 
dary” thermal control is provided to the phoswich scintillation array by thermally isolating it from 
the internal gondola assembly and enclosing it in its own insulation chamber. Thermostatically 
controlled heaters are then provided within the phoswich chamber to maintain its temperature 
within 20 to 30°C. 

Aspect platform. As noted above, the detector platform is driven in azimuth against the elec- 
tronics platform. To provide aspect reference a third platform is provided above the detector 




Figure FI. Load path schematic. This drawing indicates the relationship of the principle mass 
elements in the LDBF88 flight system. The in-line central structure was a particularly efficient 
design for carrying th; ballast hopper (up to 1500 lbs.) and providing a compact gimbal for the 
tandem detector array. 





Figure F2. A model of the LDBF88 internal gondola. This illustrates the relationship of the 
detector gimbal to the electronics and aspect platforms. The mounting of the INMARSAT 1-m 
dish is also indicated. This assembly (excluding the antenna and aspect platform is carried within 
a thermal control enclosure). 
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assembly to mount- a solar tracking sensor and magnetometer assembly. This “aspect platform” 
co-rotates with the detector platform with its sensor outputs in a closed loop with the azimuth 
drive motor. Thus, the azimuth servo is configured to either maintain the solar tracker on the sun 
azimuth position, or alternatively, maintain the reference magnetometer at null. Finally, the 
aspect platform may, under control of the central processor, be moved to an arbitrary offset posi- 
tion relative to the detector platform. This provides capability to orient the detector platform to 
any desired position relative to either the solar or magnetic reference. For elevation control, a 
second solar elevation tracker is mounted on the aspect platform. This device, similar in concept 
to the azimuth tracker, uses a simple shadow-vane/photodiode sensor arrangement to track the 
solar elevation angle. The detector elevation servo is then synchronized with the solar elevation 
sensor to follow the sun in elevation. Figure F3 shows the internal gondola undergoing angular 
alignment prior to enclosure in the thermal box. 

External Gondola . Additional components, mounted in fixed relation to the electronics plat- 
form include the solar panels, the communications antenna, and the ballast hopper. These systems 
were carried by the internal gondola through thermally isolated mounts which penetrated the insu- 
lation cube. Figure F4 shows the complete gondola with the solar panels folded, suspended from 
the launch vehicle. 

Weight Breakdown. A critical aspect of the LDBF88 system was the overall system weight. 
In addition to using a weight efficient configuration requiring a minimum of structure, key ele- 
ments of the LDBF88 system were designed for minimum weight using novel materials and 
designs. The electronics platform was fabricated using aluminum honeycomb for high strength 
and rigidity. The primary thermal enclosure box was constructed from urethane foam (thermal 
conductivity —1/2 of “conventional” styrofoam per unit weight). The enclosure was carried by the 
electronics platform through a foam core fiberglass superstructure which also carried the solar 
panels. The solar panels were constructed using ultra-thin wall tubing frames with fiberglass mesh 
for mounting of the solar cells. These structural elements proved to be remarkably durable, sus- 
taining practically no damage through cutdown and impact of the gondola. Table FI gives a 
breakdown of the LDBF88 subsystem weights as flown. 


Table Fl. LDBF88 Gondola Weight Breakdown 


Detectors and LN supply: 

454.5 lbs. 

Structural components: 

199.0 

Thermal control components: 

195.0 

Electronics: 

278.0 

Batteries: 

290.0 

Misc. mechanical: 

105.5 

Solar panels: 

105 

NSBF mechanical: 

462.5* 

NSBF electronics: 

62 

Total flight system: 

2150 lbs. (w/o ballast) 

* Including 191 lbs. for extra heavy duty parachute and rigging 


The overall electrical design of the LDBF88 gondola was largely derived from the original 
LDBF system described in detail by Lin et ai (1987). That system utilized a single board com- 
puter organized around a Harris 80C86 microprocessor. For brevity we will not repeat the descrip- 
tion of that system, but only describe the significant modifications which were incorporated into 
the LDBF88 system. 

INMARSAT. In order to provide real time bi-directional contact a one-meter antenna which 
operates via the INM/VRSAT shipboard communications system was incorporated into the flight 
system. This unit, procured from a commercial vendor and adapted to operate in a balloon 
environment, would essentially provide a telephone link to the gondola processor with simple 
modem interface operated at 1200 baud. Other modifications to the gondola processor system, 
described below, were required to support the system. 
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Figure F3. Internal gondola alignment operation. The internal gondola is shown here during 
alignmnent of the aspect platform relative to the detector platform. Both solar and magnetic 
references are calibrated to permit day and night operation. 



Figure F4. Flight system 
on launch vehicle. The com- 
plete gondola including ther- 
mal enclosure, solar panels 
(folded), and ballast hopper 
is shown being prepared for 
a February 1988 launch. 
Preparation of the INMAR- 
SAT antenna was not com- 
pleted in time for the unit to 
be included in the payload 
for this flight. 



Transit/ Omt^a, This system, supplied; by NSBF, is a hybrid of two complementary naviga- 
tion systems, designed to provide essentially constant Omega positional information with periodic 
initialization updates via the Transit satellite system. Geographic position data generated by the 
system were read directly into the gondola processor to assist in celestial navigation computations. 
Since the Transit/Omega system was considered to be developmental, back-up navigation data 
would be provided via the solar transit detection system carried over from the original LDBF gon- 
dola. The on-boar J computer would be instructed via ground command (either link-of-sight or 
INMARSAT) as to which navigation system should be referenced by the celestial navigation pro- 
gram. 

On-board Computer. The 86C86 single board computer was modified by doubling the avail- 
able RAM to 4.0 Mbytes. This enhancement was required to support additional data management 
tasks introduced by the use of the INMARSAT system. Accordingly, there were substantial 
modifications required to the flight software package to generate the INMARSAT data base, for- 
mat it for output, and perform the required antenna control functions for establishing ground con- 
tact and interacting with the ground computer. 

Other modifications incorporated in the flight system included: a) increasing the solar panel 
area to provide 132b watts available power for 24-hr. operation of the system; 2) a three-stage bal- 
last control system, provided by NSBF; and 3) a nitrogen replenishment system for periodic refill 
of the germanium dewar. 


Appendix D 

Long Duration Balloon Flights (LDBFs) 

HIREGS is designed to use the standard 28.4 million cu. ft., 3000 lb. nominal (3700 lb. max- 
imum) payload capability balloon which has been used for long duration balloon flights (LDBF) in 
the past two years. Four mid- latitude flights have been completed successfully with this balloon, 
two each in early 1087 and early 1988. All the flights were launched from Alice Springs, Australia, 
and proceeded westward to South America, where the payloads were recovered. Flight durations 
ranged from 6 to 12 days, with the longer flights due to lower float altitudes. 

Our group designed and fabricated the scientific payloads for two of the flights, one in each 
year. In 1987 we flew hard X-ray and low energy gamma-ray instrumentation for solar observa- 
tions (see Lin tt a/.> 1987). An auto-ballast system malfunction dumped all the ballast at launch, 
so the balloon flew as an unballasted RACOON (RAdiation Controlled balloON), i.e., the bal- 
loon rose in the daytime and sank at night. The daytime float altitudes monotonically decreased, 
due to loss of lift with time. Calculations based on standard atmospheric models indicate that 
-2.5—3% lift was lost each day-night cycle. For a 7-day flight (six nights) this implies that 
15—18% of total (payload plus balloon) weight is required in ballast (1050—1300 lbs.) to maintain 
the initial daytime float altitude of — 126— 130IC ft. through the flight. If an additional —200 lbs. 
ballast is carried for emergencies this leaves —2200—2450 lbs. for payload, sufficient for an instru- 
ment such as HIREGS. Longer flights, perhaps around the world, are possible but the latter part of 
the flight would be as an unballasted RACOON with decreasing float altitudes. This may be an 
acceptable method far extending solar gamma-ray observation time by —3 days since the gamma- 
rays will penetrate to -10 5 ft. altitude. 

Antarctic Flights 

An attractive alternative is provided by flights in Antarctica during its summer. A 11.6 mil- 
lion cu. ft. balloon with a -2390 lb. payload was successfully launched in January (1988) from near 
McMurdo (78° latitude) ( Rester et ai, 1988). After 65 hours the payload was cut down because of 
a power supply failure. The balloon drifted westward approximately along the 78* latitude line 
and came down near Vostok, about 80* west of McMurdo. Based on the information from this 
flight, the primary advantages of Antarctic flights are: 

1 . 24 hour/ day solar observations; 

2. Much longer flights are possible. Lift loss of less than 0.5%/day was observed in this 
flight. Thus 15% of total payload weight in ballast would last 30 days, compared to 7 
days at mid-latitudes. 

3. No problems with crossing international boundaries; 

4. Essentially ;io risk of accidental landing in a heavily populated area, or in an ocean. 

Since the Sun would always be relatively low in the sky the photon transmission through the 
atmosphere would be lower than at mid-latitudes, but by only -10—25% (averaged over 12 hours 
mid-latitude, and 24 hours for Antarctica) at gamma-ray line energies (see Figure Dl). Leakage 
background would increase because of the lower geomagnetic cutoff in Antarctica. Data from the 
January 1988 flight, however, indicate that with good shielding the background increase is not a 
major problem (see Rester tt al ., 1988). 

Long Antarctic flights thus appear to be ideal for catching the large flares which have strong 
gamma-ray line emission. Such large flares would also provide the count rate statistics needed for 
detailed hard X-ray images at high time resolution and for physically meaningful polarization 
measurements, observations which might be made by other Max ’91 balloon instruments. Also, 
Antarctic flights are advantageous for possible Max ’91 optical as well as hard X-ray fine imaging, 
in that the Sun can always be observed without looking through the balloon. 

In the January 1988 Antarctic flight the payload was recovered by a ski-equipped airplane. 
Recovery may not be feasible over some parts of Antarctica. On the other hand, ;>75% of mid- 
latitude flights are over oceans where recovery would not be possible either. 




With the wind at float altitudes flowing typically along latitude lines, an intriguing possibil- 
ity is to launch balloons from the South Pole. The balloons should then stay near the South Pole 
and a single ground station could provide continuous line-of-sight telemetry. At present, however, 
only small 1—2 x 10 6 cu. ft. balloons have been hand launched from South Pole. Equipment and 
techniques would need to be developed for launch of large balloons and heavy payloads. Our 
group at UCB is planning South Pole launches of -300 lb. payloads with -3 x 10 8 cu. ft. balloons 
in December 1989/ January 1990. 

Northern Hemisphere Flights 

Southern hemisphere LDBFs are only possible in the December-February summer season. 
Northern hemisphere LDBFs offer the possibility of coverage in the June-August northern summer- 
time. This is particularly attractive since most of the ground-based solar observatories are located 
in the northern hemisphere, and they are able to obtain the most extensive solar coverage in sum- 
mertime. 

LDBFs have been made from Sicily to the U.S. in the past. The prevailing winds, however, 
will bring the balloon over the heavily populated eastern seaboard of the U.S. An alternative 
would be to launch from the west coast of the U.S. and recover the payload in China. The 
Chinese have had extensive experience in scientific ballooning and are presently involved in a 
cooperative program with Japan, where balloons are launched from Japan and the payload 
recovered in China. They are eager to collaborate in U.S.-China LDBFs as well. Such LDBFs 
could provide flight t: mes comparable to Australia-Brazil. Mid-latitude northern hemisphere LDBF 
possibilities definitely need to be explored for Max ’91. 


